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ABSTRACT 

This is the first of three volumes. Volumes II and III contain 

other aspects cf the study: description of the LITE codes and the two 

computer programs that were prepared for use in computing cross sections 

for light scattering by spherical aerosol particles with a complex in- 

dex of refraction. 

The Monte Carlo codes LITE-I and LITE-II were used to compute light 

transmission data for point and plane sources. The results of these cal- 

culations showed that there is no correlation between the scattered 

transmission data for point isotropic and plane parallel sources. 

The LITE codes were used to analyze experimental data on light trans- 

port in the atmosphere„  Reasonably good agreement was obtained for those 

cases where data were available to adequately describe the atmosphere at 

the time of the experiments. 

Calculations were performed to determine the angular dependence of 

the number albedo from thick cumulus clouds for 0.45y light incident at 

various angles to the cloud. The polar angular distributions of the 

reflected photons were found to be cosine distributions and the total 

number albedo was fitted by the expression 

a(6 ) - 0.639 - 0.154cos6 
o o 

where 6 is the angle of incidence. 

Studies were performed to determine the sensitivity of the LITE-I 

calculated scattered intensities for a point isotr^ic monochromatic 

source to changes in the source and receiver altitudes, aerosol number 

iii 



density, aerosol phase function? altitude variation of the aerosol scatter- 

ing coefficient and the altitude of the bottom of a cloud layer above the 

source point. It was found for the source-receiver geometry considered 

in thase studies that the LITE calculations were more sensitive to changes 

in the number density of the aerosol particles than to changes in the 

shape of the aerosol phase function. 
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PREFACE 

During the period 1 August 1965 to 31 August 1966 Monte Carlo studies 

were performed to determine light transport in the atmosphere under vari- 

ous environmental conditions. These studies consisted of 1) correlation 

analysis of light transport from a point isotropic source and a plane 

parallel source to determine the comparability of solar light transmission 

data and transmission properties for thermal radiation nuclaar weapons, 

2) development of machine codes for calculation of phase functions and 

scattering anu absorption coefficients for spherical-homogeneous aerosol 

particles with a complex index cf refraction, 3) an analysis of experi- 

mental field d-Jts on light transmission, 4) parametric studies to deter- 

mine the specific influence of ground and cloud albedo, clouci height and 

aerosol number density and particle-size distribution on the transport of 

light in the atmosphere, 5) modifications to the LITE codes to increase 

their application to a wider range of atmospheric transport, problems and 

6) the development of a machine program for use in converting the scattered 

intensities computed by the LITE codes for a given ground albedo to data 

giving scattered intensities and scattered fluxes for other ground albedos. 

The results of these studies are presented in this report, which is divided 

into three volumes.  The first volume describes the results of items 1, 

3 and 4 outlined above.  The second volume describes the machine programs 

developed for use in calculation of aerosol cross sections. The third 

volume contains utilization instructions for the modified versions of the 

LITE codes and for the code developed to convert the LITE results to data 

giving scattered intensities and fluxes for other ground albedos. 
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I.  INTRODUCTION 

The present, report is Volume I of a three-volume annual report pre- 

pared under Contract No. DA 28-043 AMC-00240(E). The studies described 

in this volume were performed for the purpose of continuing to check the 

accuracy of the Monte Carlo codes, LITE-I and LITE-II, and to investigate 

the Importance of the various parameters that affect the transport of 

light in Lhe atmosphere. The LITE codes that were used in these studies 

are described In Volume III of this report and in Reference 1. 

The first study undertaken during the reporting period was directed 

toward determining if a correlation exists between atmospheric trans- 

mission data for point and plane sources. The results of that study are 

given in Chapter II. 

Although there is currently available in the literature a large body 

of measured data on light transport in the atmosphere, most of that data 

is not suitable for use in checking out the results of theoretical calcu- 

lations. The main difficulty with the available measured data is the 

almost complete lack of information on the aerosol number density and size 

distribution and their variation with altitude.  In nany cases transmission 

measurements were taken for only one source altitude and as a result, it 

is almost impossible to infer the variation of the extinction cross sec- 

tion with altitude unless one can describe the atmosphere by a model, such 

as that suggested by Elterman (Reference 2), 

In spite of the many uncertainties in the atmospheric conditions for 

a given set of measurements', several sets of measured data were selected 

for analysis. Chapter III presents the results of Monte Carlo calculations 



performed for analysis of measured data from several experiments. Section 

3.1 describes an analysis of transmission data reported by Cantor and 

Petriw (Reference 3) for point isotropic sources, Section 3.2 describes 

an analysis of some of the measured receiver response data from a search- 

light experiment reported by Elterman (Reference 4), Section 3.3 discusses 

an analysis of some measured sunlight transmission data from an Air Force 

Cambridge Research Laboratory high altitude balloon flight and Section 3.4 

shows a comparison between two different calculations of the dependence 

of light transmitted and reflected from an aerosol atmosphere on the shape 

of the aerosol phase function. 

The need for information on the angular distribution of cloud albedos 

for use in the LITE-1 code resulted in a study to determine the angular 

distribution of the number albedo for various angles of incidence of 0.45 

micron light to a 1 km thick cumulus cloud. The results of the cloud 

albedo studies are presented in Chapter IV. 

Since the LITE-I code is to be used to study the atmospheric trans- 

port of the thermal radiation emitted by a nuclear weapon, it is of con- 

siderable importance to have a knowledge of how variations in such para- 

meters as the source altitude, receiver altitude, cloud height, aerosol 

number density, aerosol size distribution and altitude variation of the 

aerosol number density affect the transmission properties of the atmosphere. 

Chapter IV describes the results of Monte Carlo calculations that were per- 

formed for the purpose of studying the influence of the above mentioned 

parameters on the atmospheric transmission of light emitted by point 

isotropic sources. 



II.  CORRELATION STUDIES FOR POINT AND PLANE SOURCES 

The availability of a large body of measured data (Reference 5) on 

the transmission of sunlight through the atmosphere leads one to inquire 

if this data could be used to compute the atmospheric transmission of the 

thermal radiation produced by a nuclear detonation in the atmosphere. 

The scattered light intensity at a receiver depends on the source- 

receiver geometry, the variation of the scattering and absorption cross 

sections with altitude, and the source wave length. The direct radiation 

at the receiver depends only on the number of mean-free-paths between the 

source and receiver. The direct intensity transmitted through an atmos- 

phere of p mean-free-paths in normal thickness for a broad beam monodirec- 

tional source of one photon per unit area incident to the top of the 

atmosphere at angle 9 is given by 

T ,-Q \  T  -psecö 
Do    o 

-2 
where the incident intensity I •- sec0  (photons cm ).  For a point Iso- 

tropie source placed at the top of the atmosphere, the direct intensity 

at a receiver located at the bottom of the atmosphere and at a slant dis- 

tance R from the source is given by 

-psecö 
I (R - hsecG ) = ^—r §— 
D o    . ,1        £.n bvh  sec 8 

o 

where h is the normal thickness of the atmosphere and 8 is the angle 

between a normal to the ground through the source and the source-receiver 

line.  It is seen that 



I_(6 )cos9 - ATTh23ec2e • I_(R - hsece ) . (1) 
D o    o o   D        o 

The requirement that the point source be placed at the. top of the atmos- 

phere can be removed when calculating the direct intensity provided that 

the slant mean-free-path distance p' between the source and receiver be 

the same as that given by p' = psecö where 9 is the angle of incidence 

for the plane source.  If the point source is located at altitude h„ 

ana the receiver at h. and the angle between a normal to the ground 

through the receiver and the source receiver line is a then the mean- 

free-path distance between the source and receiver is given by 

h2 
p1 = secoi ; I(h)dh 

hl 

where 1(h) is the extinction cross section at altitude h. The slant dis- 

tance R is given by 

R = (h2 - h^seca . (2) 

Therefore, when the mean-free-path distance between the point source and 

receiver is the same as that along a slant path through the atmosphere 

for a plane source, we can estimate the direct intensity for the point 

source by use of the relation 

cos6 
In(R,p') r2 I (6 ,p») (3) 
D        ATTR2  D ° 

where In(6,p') is the direct intensity at a depth of p' mean-free-paths 

into the atmosphere for a broad beam monodirectional source of one photon 

unit area incident at angle ft to the top of the atmosphere. 



If the atmosphere was a pure absorbing medium so that no scattering 

occurs, then measured transmission data for sunlight incident on the top 

of the atmosphere could be used to predict the transmission for point 

sources. The mean-free-path distance from altitude h to the top of the 

atmosphere could be obtained from measurements of sunlight intensities at 

various altitudes. 

The earth's atmosphere is not a pure absorbing medium, and scattering 

is an important process by which light is transported through the atmos- 

phere.  It would be instructive to investigate the validity of Equation 1 

when the direct intensities are replaced by the scattered intensities. 

In addition to aerosol and Rayleigh scattsring, another important scatter- 

ing process is the reflection of both the direct-beam and the air-scattered 

light by the ground surface and clouds. 

The scattered light intensity transmitted through the bottom of the 

-2 
atmosphere for a plane Isotropie source emitting 0.5 photons cm  into 

the atmosphere may be computed from a knowledge of I_(9 ), the scattered 

intensity transmitted through the bottom of tht. atmosphere for a plane 

parallel source, and IC(R = hsec0 ), the scattered intensity transmitted 

through the bottom of the atmosphere at a slant distance R from a point 

isotropic source located at the top of the atmosphere. 

The transmitted intensity for a plane isotropic source is given by 

the equation 

TT/2 I  (8 ) TT/2 
I    « 2it /      ~        nine de    - ~   / I,,(9 )sine d9    , 

S >        Air oo2'Sxo oo' 



where 7— is the source strength per steredian in direction 9 and I„(6 ) 47T or 0      S  o 

is the scattered intensity transmitted through the bottom of the atmosphere 

-2 
per photon cm  incident at direction 9 to the top of the atmosphere. 

The scattered intensity transmitted through the bottom of the aumos- 

-2 
phere for a plane isotropic source emitting 0.5 photons cm  into the 

atmosphere is also given by integrating the transmitted scattered intensity 

for a point isotropic source located at the top of the atmosphere over the 

area of the bottom of the atmosphere.  If h is the thickness of the atmos- 

phere, R the slant range between the source and receiver, and 9 is the 
o 

angle between R and a normal to the atmosphere through the source, then 

"/2 2 12 
!_ « 2n J     i_(R - hsec9 )R tan9 dG = -r /4TTR IC(R = hsec6 )tan6 de 
S     (-)*>        °     o o  2 ;    S        000 

To show that the above integrals are equal, LITE-I calculations were run 

to determine I (R) for a point isotropic source located at the top of a 

0.5 mean-free-path thick Rayleigh atmosphere and for receivers placed 

parallel to the ground at ground level.  Data for I„(9 ) were obtained 
a  O 

from integration of the differential scattered intensity data reported 

by Coulson et al. (Reference 6).  The results of the integrations are 

shown below for cases where the grotnd albedo was 0.0 and 0.8. 

Scattered Intensity Transmitted Through a 0.5 Mean- 
free-path Thick Rayleigh Atmosphere for a Plane Isotropic Source 

-2 -2 
(photons cm /0.5 source photons cm ) 

 Transmitted Intensity  
Ground               From Coulson      From LITE-I 
Albedo Data Calculations 

0.0 0.332 0.351 

0.8 0.561 0.568 



It is seen that integrations over the plane and point source data give 

identical results within the accuracy cf the graphical integration method 

used.  The fact that the two integrals are equai, that is, 

1 *12 1 ^2      2 
-f    / I_(8JsinG de    - <=■    / 4TTR (e )I(R - hsece )tan8 d6    , 2 i S o    oo2*.      o o    oo 

and the fact that the direct intensities from the two sources are corre- 

lated, leads one to inquire if the scattered intensities from the two 

sources are also correlated. 

If the two integrals were equal for all values of the upper limit 

of the interval of integration less than TT/2, then differentiation of 

both integrals would give 

I0(6 )sin6    = 4TTR
2
(6 )I_(R - hsec6 )tar,6    , Soo oS oo 

and a correlation would be obtained for point and plane source data. The 

fact that these integrals are equal only for the special case where the 

upper limit of the integration interval is TT/2 is shown in Figure 1.  It 

is seen from the two curves shown in Figure 1 that 

e e 
/ 1.(6 )d(cos6 ) i I 4TTR (6 )sece I_(R « hsec6 )d(cos9 ) i    S    o o        1 ooS o o 

2 
for values of 0<TT/2.     It is also seen in Figure 1  that 4TTR sec0 I(R«hsec6 ) 

o       o 

and Ic(6 ) are equal only at two values of cos6 . Therefore, it can be 
o      O O 

stated that no real correlation exists between the scattered intensities 

for plane parallel and point Isotropie sources. 

A series of L1TE-I and LITE-II problems were run for 0.45 and 0.65 

micron plane parallel and point Isotropie sources in an Elterman model 
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atmosphere (Reference 2). The scattered transmission data for each source 

were plotted as a function of the angle 6 and the results obtained showed 

that there was no correlation between 1.(6 ) and I_(R - hsecG ) for both so       a O 

source wave lengths studied. 

As a result of the analysis described above, it must be concluded that 

significant errors would be introduced by using measured sunlight trans- 

mission data to approximate the atmospheric transmission of the thermal 

radiation produced by nuclear weapon detonations in the atmosphere. 
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III.  COMPARISON OF CALCULATED AND MEASURED TRANSMISSION DATA 

A measure of the accuracy of any machine procedure for calculating 

the scattering of light by the atmosphere is its ability to predict mea- 

surements. As a part of the continuing effort to validate the LITE codes, 

several sets of experimental data were selected for analysis. Discussions 

of the LITE calculations and their comparison with experimental data are 

given in the following sections. 

One of the difficulties that arise when performing an analysis of 

measured data is the almost complete lack of information concerning the 

atmospheric parameters that describe the atmosphere at the time the mea- 

surements were taken.  In an attempt to overcome this difficulty, com- 

parisons were also made with the results of calculations produced by 

other machine codes. 

3.1 Analysis of Measured Data for Point Sources 

Calculations were run using the LITE-I code to predict the scatter- 

ing of yellow light (A » 0.55 microns) in air over a snow-covered terrain 

for comparison with measurements (Reference 3) taken at Camp Haven, 

Wisconsin, on 30 and 31 March 19o5. The source was located in the tail 

of an airplane flying at an altitude of 2650 ft and the receiver was 

located at an altitude of 20 ft. 

The measured direct beam was used to obtain an estimate of the ex- 

tinction coefficient for each day.  The aerosol and extinction coeffi- 

cients as given by Eltertnan's model were modified in order to duplicate 

the measured extinction coefficients for each day. 
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The measured data for 30 March gave a value of 0.15 mile  for the 

extinction coefficient. The measured extinction coefficient for 31 March 

was 0.11 mile .  The atmosphere was clear on the night of 30 March and 

the surface albedo was estimated to be about 50 percent. There was an 

overcast at 3000 ft altitude on the night of 31 March and the surface 

albedo was estimated to be about 25". The phase function for light 

scattering at ground level was measured on both evenings. The calculations 

for 31 March assumed that the overcast was a cloud of at least 1 km in 

thickness with the bottom of the cloud at a height of 3000 ft. Calculated 

fluxes for both evenings were obtained for a flat plate receiver which 

was assumed to be normal to the source-receiver axis. 

The calculated and measured flux data for 30 March are compared in 

Figure 2. The measured data giving the total tranomittance (receiver 

response times slant distance squared) were arbitrarily normalized to 

give a value of 1.0 at a slant range of R = 2.25 miles. Therefore, the 

calculated total transmittance data for a ground albedo of 0.5 were 

normalized to the measured data at R « 2.25 miles. The estimated albedo 

for the ground on the day the measurements were taken was 0.5. Although 

there are large fluctuations in the measured data, it is seen that the 

falloff of the total transmittance with slant distance as given by the 

calculated data is in good agreement with the measured data. The large 

fluctuations in the measured data make it impossible to estimate the 

value of the ground albedo from a comparison of the measured and cal- 

culated data. 
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Figure 3 presents a comparison of the calculated and measured total 

transmittance data for yellow-light scattering on March 31, 1965. The 

calculated and measured data giving the total transmittance were normalized 

to a value of 1 at R » 2.25 miles.  It is noted that there is a wider 

spread between the calculated total and direct transmittance curves in 

Figure 3 for March 31 than that shown in Figure 2 for March 30. This 

difference results from the presence of the cloud located at a neight 

of 3000 ft for the case shown in Figure 3. The comparison between the 

measured and calculated values of the total transmittance vs R indicates 

that the calculated data for a ground albedo of 0.25 are about 15 per- 

cent low for slant ranges between 4 and 15 miles. 

3.2 Analysis of Searchlight Scattering Data 

Elterman (Reference 4) has carried out scattering measurements from 

a searchlight beam to determine the aerosol properties of the atmosphere. 

He was able to derive the variation of the aerosol scattering coeffi- 

cient with altitude from the measured receiver response data taking into 

consideration the contribution of single order aerosol and molecular 

scattering to the measured response. The measured response data obtained 

by Elterman for 8 May 1964 and the aerosol cross section variation with 

altitude that he obtained from that data have been analyzed by use of 

LITE-I. 

The searchlight scene geometry as used in the LITE-I calculations 

is shown in Figure 4. The searchlight beam in the light scattering cal- 

culations was defined in terms of a 6, 41 coordinate system so that it 

subtended the same solid angle as that used in the searchlight experiment. 
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The scattered intensities at the receiver were recorded for those pho- 

tons reaching the receiver through solid angles defined by 4° intervals 

in the receiver polar angle about the source-receivsr line and u.Sc 

intervals of the azimuthal angle * (sne Figure 5). Although it was not 

possible with the ip, ♦ coordinate system to define a receiver solid 

angle that did not vary with the receiver angle of elevation, the solid 

angle formed by tha re< iiver polar and azimuthal angular intervals used 

in the calculations always included the searchlight beam. Therefore, 

the receive;!, solid angle for large receiver angles of elevation actually 

viewed a scattering volume that was slightly larger than the volume 

that would have been formed by the intersection of the searchlight beam 

and a constant receiver solid angle similar to that used in the experi- 

ment. 

Figure 6 shows the altitude variation of the various cross sections 

for 0.55 micron wave length light as used in the LITE-I calculations. 

The extinction coefficient was taken to be the sum of the aerosol scat- 

tering, Rayleigh scattering, and ozone absorption coefficients. The 

Rayleigh scattering and ozone absorption coefficients shown in Figure 6 

were taken from a tabulation reported by Elterman (Reference 2) for a 

"clear standard atmosphere," One of the aerosol scattering coefficient 

curves shown in Figure 6 were taken from Reference 2 and the other was 

that obtained by Elterman from an analysis of the searchlight data for 

8 May 1964. 

In his analysis of the measured data Elterman used an aerosol phase 

function that had been obtained from measurements reported by Reeger 
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and Siedentopf (Reference 7). A portion of the normalized Reeger and 

Siedentopf aerosol phase function for scattering angles between 75 and 

145 degrees is presented in Figure 7. Also shown is the normalized 

phase function for Rayleigh scattering in the same scattering angle 

range. The phase functions shown in Figure 7 have been normalized so 

that the integral of the phase function over solid angle is unity. 

Calculations were run on LITE-I to determine the single scattered 

intensity as a function of the receiver angle of elevation that resulted 

from Rayleigh scattering only and from both Rayleigh and aerosol scat- 

tering where the aerosol scattering coefficient variation with altitude 

was that obtained by Elterman from the measured searchlight data. The 

atmosphere used in the LITE-I calculations did not contain any ozone 

since Elterman's earlier analysis was based only on a Rayleigh plus 

aerosol scattering atmosphere. The results of the Monte Carlo calcula- 

tions are presented in Figure 8 where they can be compared with the 

shape of the measured receiver response data as a function of the re- 

ceiver angle of elevation. There is reasonably good agreement between 

the measured and calculated data when the calculated data was normalized 

to the measured data at 6 = 54°. The largest differences occur at re- 

ceiver angles of elevation less than 14 degrees, 

To study the effect of neglecting the attenuation of the scattered 

radiation by ozone absorption in Elterman's calculation of the aerosol 

coefficient, another problem was run in which the extinction coefficient 

was assumed to bo made up of the sum of the Rayleigh and aerosol scatter- 

ing and ozone absorption coefficients. The aerosol scattering coefficients 

-Sfcfc 
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used in the calculations were those obtained from the measured search- 

light response data. 

The calculated results for this case are presented in Figure 9 

where they are compared with the shape of the measured receiver response. 

The calculated single scattered intensity summed over Rayleigh and aero- 

sol scattering were normalized in Figure 9 to the measured response data 

for a receiver angle of elevation of 54°.  It is seen that the total 

single scattered intensity (Rayleigh plvs aerosol) falls off a slight 

bit faster with the angle of elevation than does the measured response 

data, indicating that there are probably some multiple scattering ef- 

fects.  The differences between the total (Rayleigh plus aerosol) single 

scattered intensity and the single Rayleigh scattered intensity become 

smaller with increasing angle of elevation, which indicate that the 

total single-scattered intensity results mainly from Rayleigh scattering 

at angles of elevation greater than about 40 degrees. 

The LITE-I problem described above was rerun to obtain the total 

scattered intensity at the receiver for orders of scattering up to 20. 

Figure 10 shows, as a function of the receiver angle of elevation, a 

comparison of the computed total scattered intensity with the shape of 

the measured response data, where the total calculated data have been 

normalized to the measured response data at 9 = 54 degrees.  It is seen 

that the multiple scattered intensity variation with receiver angle of 

elevation reproduces very well the shape of the measured response data. 

It is also seen from comparison of the total single scattered intensity 

curve in Figure 9 with the multiple scattered intensity curve in Figure 10 
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that the inciease in the scattered intensity for a given receiver angle 

resulting from orders of scattering greater than one is small.  The 

importance of orders of scattering greater than one increases with the 

receiver angle of elevation. At an angle of elevation of 54 degrees 

orders of scattering greater than one contribute about 12 percent to 

the calculated total intensity whereas at a receiver angle of 2°, orders 

of scattering greater than one contribute only about two percent of the 

total scattered intensity. 

From a comparison of the calculated and measured response data 

shown in both Figures 9 and 10, it appears that the ozone absorption 

and multiple scattering effects, which were not considered by Elterman 

in his analysis of the measured data, cancel out each other. The good 

agreement between the calculated and measured dat?. as seen in Figure 10 

indicates that the aerosol scattering coefficient variation with altitude 

is accurately given by Elterman's analysis of the measured response data 

from the searchlight experiment. 

The altitude variation of the aerosol scattering coefficient ob- 

tained by Elterman frou the searchlight experiment is, as shown in 

Figure 6, considerably different from that given by his "clear standard 

atmosphere" model. To investigate the effect that the altitude variation 

of the aerosol scattering coefficient has on the calculated receiver 

response, a LITE-I problem was run to determine the variation of the 

single scattered intensities with receiver angle of elevation for an 

atmosphere described by Elterman's model for a "clear standard atmos- 

phere". The Reeger and Siedentopf phase function was used to describe 
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the angular distribution for aerosol scattering. The results of the 

LITE-I single scattering problem for the "clear standard atmosphere" 

are compared in Figure 11 with the results obtained for an atmosphere 

where the aerosol scattering coefficient was taken to be that given by 

an analysis of the measured response data from the searchlight experiment. 

The single scattered intensities from the calculations for the two 

different aerosol atmospheres do not differ significantly except in the 

region between receiver angles of elevation of two to ten degrees.  For 

receiver angles of elevation above ten degrees the "clear standard 

atmosphere" has a smaller aerosol cross section than does the atmosphere 

at the time of the searchlight experiment. This results in higher single 

Rayleigh scattered intensities due to the decreased attenuation along 

the path from the source to-scattering volume-to-receiver. 

The results of the LITE-I calculations for analysis of the search- 

light experiment indicate that the LITE-I code is capable of predicting 

with reasonable accuracy the measured receiver response data. 

3.3 Analysis of Measured Sunlight Transmission Data 

The LITE-II code was used to analyze the results of a high altitude 

balloon flight carried out by the Air Force Cambridge Research Laboratory 

(Reference 8) which measured various brightness parameters at 100,000 

altitude. The experimer^al data gave for the 100,000 foot level the 

illuminance (i.e., the incident radiation for a photopic spectral sen- 

sitivity) on a vertical surface as a function of the solar zenith angle. 

Data were taken for cases where the normal to the vertical surface was 

facing the sun (<t>  ■ 0°) or facing opposite to the sun direction. 



27 

10 

o 
a. 
a> 
o 

o 

Ü 
Z 
< 
a 

o 
1/1 

UJ       3 

z 
>■ 

in 
Z 

< u 

0 
A 

  

0 

A 
( ) 

V      ° 
CALCULATED SINGLE SCATTERED INTENSITY 

i FOR ATfutrKPHFBF r>F<;rPIRFr> RV FITFBMAM«; 

A   o- 
CLEAR ST ANDARD ATAV lOSPHERE 

A 

A 

O 

A 

( > 

I k 

Ü 

A 

O 
A 
/ 
/ 

CALCULATED SINGLE SCATTERED 
n IINICNSIIT rUK AIIWJarHtKt USINQi 2 

AEROSOL COEFFICIENT OBTAINED 
BY ELTERMAN FROM SEARCH 

A FOR 8 MAY 1964 
LIGHT  __, 

DAI 1 
< > 

^ j. 

© 

A 

10 20 30 40 50 

0, RECEIVER ELEVATION ANGLE (deg) 

60 /0 

F!g. 11.   Comparison of Single Scattering Calculations for Two Different Altitude Distributions of the 
Aerosol Coefficient 



28 

The calculations were made for 0.5 micron wave length plane parallel 

sources since that wave length corresponds approximately to the peak of 

the photopic curve. The atmosphere was described by the Elterman model 

for a "clear standard atmosphere". The phase function for aerosol scat- 

tering was described by Fraser's (Reference 9) Model C aerosol size dis- 

tribution. The ground surface reflectivity was estimated to be about 

ten percent, but during the balloon flight, there was a change in cloud 

cover which could have changed the reflectivity to about j0 percent. 

The LITE-II output gave the polar and azimuthal angular distribu- 

tions of the scattered intensities at an alfitude of 30 km. By use of 

the Albedo Conversion Code (Reference 10), the LITE-II output was con- 

verted from intensities to fluxes across vertical flat plate receivers 

oriented so that ' -y were either facing the sun or facing opposite to 

the sun direction. The scattered flux data for each receiver azimuthal 

direction and sun zenith angle were multiplied by the secant of the 

solar zenith angle to give fluxes for a source strength of one photon 

-2 
cm  passing through a surface normal to the sun direction. The re- 

sults so obtained for ground albedos of 0.0, 0.5 and 1.0 are presented 

in Table I. The direct flux incident on the vertical receiver per 

2 
photon per cm of area normal to the zenith direction is given by the 

equation 

Nn(9 ) = tane. e"
psec6o 

D o       1 

where p is the normal mean-free-path distance from an altitude of 30 km 

to the top of the atmosphere. For 0.5 micron wave length light p = 0.004. 
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Table I. Number Current Passing Through a Vertical Surface 
at an Altitude of 30 km: A » 0.5 microns 

-2 -2 
(photon3 cm /source photon cm  for source area normal to zenith direction) 

Zenith Direct Scattered Flux 
Angle Flux 

♦ - 0° Albedo 6o(deg) * - o8 * - 180° 

30 0.5774 0.0 9.13-2 1.01-2 

0.5 2.75-1 2.96-1 

1.0 4.99-1 5.27-1 

40 0.8391 0.0 1.30-1 1.25-1 

0.5 3.34-1 3.42-1 

1.0 5.83-1 6.05-1 

50 1.192 0.0 1.98-1 1.92-1 

0.5 4.38-1 4.29-1 

1.0 7.28-1 7.19-1 

60 1.732 0.0 3.31-1 2.78-1 

0.5 6.26-1 5.79-1 

1.0 9.85-1 9.44-1 
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Therefora, very little error would be Introduced by taking N (0 ) = tan6 . 

From the data given in Table I it is seen that although the scattered flux 

incident on the receiver is highly dependent on the ground albedo, the 

scattered flux passing through either side of the flat plate receiver is 

approximately a constant for a given source zenith angle and ground albedo. 

A comparison of the calculated data for a ground albedo of 0.0 with 

the measurements is shown in Figure 12. The calculated total fluxes have 

been normalized to the measured data for <J> ■ 0° at a zenith angle of 30° 

The calculated data indicates that the effective ground albedo for the 

measurement was close to zero.  The measured flux for <t> = 180° was over- 

predicted by a factor of 1.4 at 6 = 30° and a factor of 2 at 6 = 60°. 
o o 

The overprediction of the scattered flux for $ = 180° is believed to be 

due to the fact that although the peak in the solar spectrum is at about 

0.5 microns, nearly 76.5 percent of the incident energy has wave lengths 

above 0.5 microns.  Since the scattering cross section decreases with 

increasing wave length, it is expected that the scattered flux would 

also riecrease with increasing wave length provided the ground albedo was 

negligible. The wave length which divides the solar spectrum into two 

intervals containing one half of the incident energy is 0.72 micrens. 

A review of Coulson, Dave and Sekera's (Reference 6) calculations of the 

number of photons reflected from a Rayleigh atmosphere showed that for 

a ground albedo of 0.0, the number reflected is dependent on the mean- 

free-path thickness of the atmosphere and the angle of incidence. An 

assumption chat the extraction cross section is made up entirely of 

Rayleigh scattering for wave lengths of 0.5 and 0.72 microns would 
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result In about 1.5 times as many photons being reflected with a wave length 

of 0.5 microns as will be reflected with a wave length of 0.72 microns. A 

significant portion of the solar energy incident on top of the atmosphere 

with wave lengths abcve 0.7 microns «ill be absorbed by the water vapor 

and carbon dioxide in the atmosphere. Therefore, it is reasonable to 

expect that the scattered fluxes computed for 0,5 micron wave length 

light would be higher than those measured during the balloon experiment. 

The percent transmission of light through the bottom of the atmosphere 

as a function of the source angle of elevation was obtained from the Monte 

Carlo calculations described above for 0.5 micron wave length light and 

from Monte Carlo calculations for 0.45 and 0.65 micron wave length light 

The atmosphere for the 0.45 and 0.65 micron wave length sources was 

assumed to be that given by Elterman and the aerosol phase function was 

-4 
taken from Mie calculations for a size distribution proportional to r 

The results for a ground albedo of 0.C are plotted in Figure 13 as a 

function of the source elevation angle.  It is seen that the percent 

transmission increases with the source wave length and with the source 

elevation angle. The average percent transmission of sunlight for vari- 

ous solar angles of elevation was obtained from an analysis of measure- 

ments reported by 18 different weather stations (Reference 5)  The re- 

sults are compared in Figure 13 with the calculated data for 0.45, 0,50 

and 0.65u wave length light. The measured sunlight transmission data 

were taken from data compiled in Reference 5 for 0 to 30 percent cloud 

cover. There was no information available on the value of the ground 

albedo for each reporting station. It is difficult to draw any definite 
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conclusions about the agreement between the measured and calculated trans- 

mission data considering that the atmospheric conditions varied daily at 

each of the weather stations. It should be pointed out that the trans- 

mission for wave lengths above 0.7 microns should be less than that com- 

puted for a wave length of 0.65 microns since absorption by water vapor 

and C02 becomes important for wave lengths above 0.7 microns. 

3.4 Comparison of LITE-II Calculations with Irvine's Calculations 

Irvine (Reference 11) has conducted a study to determine the effect 

of varying the shape of the Mie scattering phase function on the angular 

intensities transmitted and reflected from both 0.5 and 1 mean-free- 

path length th^ck slab atmospheres. The phase functions used in Irvine's 

calculations sere described by the expression 

(Kcosa) m  b^HG(g1,cosa) + (l-b)<J>HG(g2,coscx) 

1- 2 
where <p    (g.cosa) =  r—» 

HGVB»wo"'   n. 2 ,    ,3/2 • 
(1+g -2gcosa) 

We denote as case D the results obtained using valuesof 0.9724,0.824 and 

-0.55 for b., g. and g„, respectively in the equation for 4>(cosa). The 

results obtained when b • 0.95, g." 0.9 and g- = 0.75 are denoted as 

case H.  The phase function for case H is peaked more highly forward 

than is the phase function for case E. Figure 14 shows the cumulative 

distribution functions for cases E and H. 

Two LITE-II problems were run for a plane source of light incident 

normal to an atmosphere one mean-free-path in thickness. In the first 

problem the phase function for case E was used, and in the second 
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problem, the phase function for case H was used.  The results of the cal- 

culations for case E are compared in Figure 15.  The LITE-II results and 

Irvine's results for case H are compared in Figure 16. The transuit ed 

angular intensities obtained from the LITE-II results are in good agree- 

ment with Irvine's calculations.  The differences between the results 

obtained from the LITE-II calculations and Irvine's calculations for the 

reflected intensities are probably due to poor statistics, since less 

than seven percent of the particles undergoing first collisions in the 

atmosphere scattered through an agnle greater than 90°.  It is felt that 

better agreement in the reflected distribution would have been obtained 

if a larger number of histories had been used than the 4000 histories 

which were used in each of the LITE-II calculations. 
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IV.  CLOUD ALBEDO STUDIES 

Monte Carlo calculations were run using the LITE-II code to deter- 

mine the number albedo for 0.45 micron light incident to the top of a 

1 km thick cloud at angles of incidence of 0, 30, 60 and 75 degrees. 

The phase function ';'or 0.45 micron light scattering by the aerosol 

particles contained in the cloud was taken from the data reported in 

Reference 13 for s.n aerosol size distribution that had been suggesced 

by Deirmendjian as typical of that found in cumulus clouds.  The Monte 

Carlo results were obtained from sample sizes of 2000 histories per 

source angle with a maximum of 100 collisions per history. The Monte 

Carlo calculated scattered intensities in a given polar angle interval 

summed over all azimuthal angles of reflection were multiplied by 

[cos6._. + cos6.J 

4TT(COS6   - cosö.) 

where 6. 1 and 6 are the lower and upper bounds of the polar angle 

interval tc give the number of photons reflected per steradian in 

direction 3 per unit flux incident on the cloud. 

Figures 17 through 20 present the calculated number albedo as a 

function of the polar angle oi reflection for each angle of incidence 

considered.  The smooth curves shown in Figures 17 through 20 are 

cosine distributions normalized so that the integral 

IT/2 

2irN(6 ,6 - 0°) / cosSsinede , 
0 

is equal to the Monte Carlo calculated value of the total number albe- 

do, where N(6 ,6-0°) is the intercept at 6 - 0° for the cosine 
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distribution. It is seen that the angular distributions as obtained from 

the Monte Carlo calculations are closely approximated by cosine distribu- 

tions. 

The total number albedo as a function of the angle of incidence was 

found to be closely approximated by the expression 

a(6 ) * 0.639 - 0.154cos6 
o o 

where 9 is the angle of incidence. The results of Mcute Carlo calcula- 

tions reported by R. E. Maerker (Reference 12) for the thermal neutron 

number albedo of concrete gave the same functional dependence on the 

angle of incidence. 

The differential number albedo for angles of incidence other than 

G - 0"  was found to be dependent on the azimuthal angle of reflection. 

Figure 21 illustrates this dependence for 6 = 75°. The data shown in 

Figure 21 give the dependence of differential number albedo on the polar 

angle of reflection in the plane of incidenct 

The dependence of the intensity reflected from a cloud on the order 

of collision is shown in Figure 22.  The rate at which the sum of the 

reflected intensity increases with collision number is seen to be de- 

pendent on the angle of incidence for collision numbers less than 30. 

For collision numbers greater than 30, the curves have the same shape, 

indicating that the contribution to ehe sum of the reflected intensities 

by a given order of collision is independent of the angle of incidence. 

One can infer from these data that the fraction of the total reflected 

intensity that has arisen from orders of scattering greater than 30 is 
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independent of the shape of the phase function.  The leveling off of the 

cumulative sums o:  e reflected intensities with collision number indi- 

cates that contributions to the reflected intensity by orders of scatter- 

ing greater than 100 would be negligible. It appears that less than a 

10 percent error would have been introduced in the results if the his- 

tories had been terminated after 70 collision, thereby reducing the 

machine time requirements for the calculations by one third. 
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V,  SENSITIVITY OF LIGHT SCATTERING CALCULATIONS 
TO .CHANGES IN ATMOSPHERIC PARAMETERS 

The LITE-I code was developed for use in computing the transport in 

the atmosphere of the thermal radiation emitted by a nuclear weapon deton- 

ation.  The wide range of atmospheric conditions for which transmission 

data is needed indicated that a study should be performed to investigate 

the sensitivity of the LITE-I results to changes in the several parameters 

that define an atmosphere» The parameters selected for study were the 

source and receiver altitude, the aerosol number density, and the aerosol 

size distribution.  Changes in the number density affect only the magni- 

tude of the aerosol attenuation coefficient whereas changes in the size 

distribution affect both the magnitude of the aerosol attenuation coef- 

ficient and the shape of the aerosol phase function. Therefore, it is 

useful to know how much change would occur in calculations of the scat- 

tered intensities at a given receiver point if the aerosol number density, 

size distribution and altitude variation were varied. 

5t1 Dependence on Source and Receiver Altitudes 

Since the extinction cross section for a given wavelength of light 

varies with altitude, it is useful to know how the atmospheric attenuation 

of light emitted by a point Isotropie source varies with both the source 

altitude and receiver altitude. To investigate the dependence of the light 

intensity on both receiver and source altitude, several LITE-I problems 

were run for source altitudes of 1, 10, 20, 30 and 45 km. Point receivers 

were placed at horizontal ranges to 75 km in a horizontal plane through 

the source and in a horizontal plane located at an altitude of 0.1 km. 
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The Elterman model atmosphere was used to describe the variation with 

altitude and wavelength of the Rayleigh scattering, aerosol scattering, 

and ozone absorption coefficients. The shape of the aerosol phase function 

was obtained from an integration of Mie data for spherical particles with 

an index of refraction of 1.5 over a particle size distribution given by 

-4 
the equation N(r) % r  (Reference 13). 

The atmospheric transmission calculations were made for monochromatic 

sources with wavelengths of 0.45 and 0.65 microns. The LITE-I output gave 

the scattered intensities at the receivers for ground albedos of 0.0 and 

0.9. The angular distribution of the ground albedo was taken to be that 

for a Lambert-type surface. 

The direct intensities at the various receiver positions were computed 

by use of the equation 

-p(HS.HD.HR) 
I_(HS,HD,HR)  @ 
n''  »  » 7 2  2 U 4TT[(HS-HD)>HR ] 

where HS is the source altitude, 

HD is the receiver altitude, 

HR is the horizontal range, and 

p(HS,HD,HR) is the mean-free-path distance between the source and receiver. 

The mean-free-path distance p(HS,HD,HR) was computed by use of the equation 

p(HS,HD,HR) - KHS~^_HD)HR ]  " p' (h)dh 

where p'(h) is the mean-free-path distance from ground level to height h. 

The results obtained for the direct intensity at each of the receiver points 

are presented in Table II. 
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The LITE-I calculated scattered intensities were added to the direct 

intensities to obtain the total intensity at each receiver position. The 

results are presented in Table III as a function of the source wavelength, 

ground albedo, receiver altitude, source altitude and horizontal range. 

2 
The total intensities given in Table III were multiplied by 4TTR where 

R, the source-receiver distance in km, is given by the equation 

R - [(HS-HD)2 + HR2K . 

The results were then plotted as a function of R for each source altitude. 

2 
Multiplying the total intensities by 4TTR removes the geometrical attenua- 

tion and reduces the numerical range over which the intensities vary. 

2 
The results obtained for the 0.45 micron light sources giving 4trR times 

the total intensity as a function of the slant range R are presented in Fig- 

ures 23 and 24 for a receiver altitude of 0.1 km and in Figures 25 and 26 

for the case where the source and receivers were at the same altitude.  Simi- 

lar data for the 0.65 micron light sources are presented in Figures 27 through 

30. 

A comparison of the data shown in Figures 23 through 30 for ground albe- 

dos of 0.0 and 0.9 show that the effect of increasing the ground albedo is 

to increase the total intensity at a given receiver position over that com- 

puted for a ground albedo of 0.0. The amount of the increase in the inten- 

sity resulting from ground scattering is, for a given value of the ground 

albedo, a function of the source altitude, the receiver altitude, and the 

horizontal range. The dependence of the intensity at a given receiver posi- 

tion on the magnitude of the ground albedo was found to be exponential. 
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2 
It is seen in Figures 23, 24, 27, and 28 that 4TTR times the total in- 

tensity increases with the increasing source altitude when the receivers are 

located near the ground surface. This increase in the total Intensity times 

2 
4ITR results mainly from the fact that the mean-free-path distance for a 

given slant range decreases as the source altitude is increased. 

2 
The variation of 4TTR times the total intensity with altitude for ground 

ranges of 0, 10, 20, 50, and 75 Ian is shown in Figure 31 for 0.45 micron 

light and a ground albedo of 0.0. For a ground range of 0.0 the total inten- 

2 
sity times 4TTR decreases as the source altitude increases. For ground 

2 
ranges of 20 km and greater, the total intensity times 4TTR" increases as 

the source altitude increases. The rate at which the total intensity times 

2 
4TTR increases with source altitude for horizontal ranges greater than 10 km 

is seen in Figure 31 to be dependent on the horizontal range. The magnitude 

2 
of the total intensity times 4TTR for receivers placed near the ground and 

at ground ranges up to 75 km appears to be approaching a value which is 

independent of ground range as the source altitude is increased. 

The variation of the total intensity with horizontal range for a source 

wave length of 0,45 microns and a ground albedo of 0.0 is shown in Figure 32 

for each source altitude studied. For a given horizontal range the maximum 

intensity is seen to be dependent on the source altitude-  The altitude at 

which the maximum intensity is obtained is seen in Figure 32 to increase 

with increasing horizontal range for ranges less than 80 km. 

The mean-free-path distance for a given source-receiver distance de- 

creases as the receiver altitude is raised to the source altitude. This effect 
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2 
is seen in Figure 33 where 4TTR times the total intensity as a function 

of the source-receiver distance is shown for receivers located at an alti- 

tude of 0.1 km and at the same altitude as the source. The data shown in 

Figure 33 are for 0.45 u light, a ground albedo of 0.0, and source alti- 

tudes of 10 and 30 km.  It is seen that for a given slant range and source 

altitude, the intensity increases as the receiver altitude is increased up 

to the source altitude. 

5.2 Dependence on Aerosol Number Density 

The effect of varying the aerosol number density on the scattering of 

light in the atmosphere was studied for atmospheres defined by applying 

perturbations to an atmosphere for which only Rayleigh scattering and ozone 

absorption were allowed. The cross sections for Rayleigh scattering and 

ozone absorption were taken from a tabulation reported reported by Elterman 

(Reference 2). This basic atmosphere was then perturbed by the addition 

of aerosol particles with number densities of 2300, 4600, and 9200 part- 

3 
icles per cm at sea level air density and with a size distribution defined 

by Deirmendjian's (Reference 14) Haze C model for continental aerosols. 

The vertical distribution of the aerosol particle concentration was assumed 

to be the same as that formulated by Elterman from field measurements re- 

ported by Penndorf (Reference 15) and by Chagnon and Junge (Reference 16). 

The aerosol cross section at sea level air density for Haze C type aero- 

sols was obtained by integrating Mie scattering data for spherical part- 

icles with an index of refraction of 1.5 over the Haze C size distribution 

(Reference 13). The variation of the ground level aerosol scattering co- 

efficient for the Haze C size distribution with wavelength is given in 
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_3 
Table IV for a number density of one particle cm . Aerosol scattering 

coefficients for a given number density of Haze C aerosols can be obtained 

by multiplying the data in Table IV by the aerosol number density in part- 

icles cm . 

Table IV.  Scattering Coefficient for Haze C Aerosols 
With a Number Density of One Particle cm--' 

-1 -3 
(km /particles cm ) 

Wavelength                          Aerosol Scattering 
(y) Coefficient 

0.3 1.090-04 

0.45 7.239-05 

0.5 6.574-05 

0.65 5.200-05 

0.7 4.891-05 

Normalized aerosol scattering phase functions for several light wave- 

lengths were also computed for the Haze C size distribution. The results 

are given in Table V as a function of the scattering angle. 

All of the calculations performed for use in this study were for point 

Isotropie monochromatic sources located at an altitude of 807.7 m.  The 

receivers were placed at an altitude of 6.1 m and at horizontal ranges of 

up to 48.3 km.  The source wavelengths studied were 0.3, 0.45, 0.5, 0.65, 

and 0.7v. 

The printed output of the LITE-I calculations gave the scattered and 

direct intensities at a spherical detector.  The detector always presented 

a unit area in a direction normal to the direction of motion of the photons 

^rnsrs^^ltsmm 
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TABLEV.    N0RMALI7FQ   VOLUME   SCATTERING  FUNCTION 
1NOEX   OF   RFFRACTIÜN   «   1.50 

HA/F   C   MOOFL 

SCATTERING 
ANGLE MAVFLENGTH   (MICRONS) 

(deg) .10 .<►*> .60 .66 .70 

Oc 7.2 70F   CO 4.627F   00 4.161F   00 3.8116   00 3.4936   00 
1.0 5.606C-   on 4.089F   00 3. 736F   00 3.5136   00 3.2616   30 
2.0 3.468F   00 3.034E   00 2.859F   00 2.8376   00 2.7136   00 
3.0 2.525E   00 2.24 7E   00 2. 143E   00 ?.183F   00 2.1426   00 
4.0 2.016F   00 1.815F   00 1.727F   00 1.7496   00 1.7286   00 
5.a 1.696F   00 1.5* IF   no 1.464F   00 1.486F   00 1.466F   30 
6.0 I.469F   00 1.326E   00 1.270F   00 1.298E   00 1.2836   00 
7.0 1.298b   00 1.172F   00 1.I25F   00 1.151F   00 1.138F   30 
8.0 1.163F   00 1.05IE   00 1.009F   00 1.036F   00 1.072E   00 
9.0 1.059F    no 9.538F-01 9.1646-01 9.450E-01 9.332F-01 

10.0 9.744F-01 8. 752F-01 8.427F-01 8.7316-01 8.638E-01 
11.0 9.0506-01 8.149F-01 7.861F-01 8.1676-01 8.082E-01 
12.0 8.519F-01 7.678F-01 7.412F-01 7.688F-Ü1 7.6046-01 
13.0 7.994F-01 7.2226-01 6.978F-01 7.2126-01 7.135E-01 
14.0 7. 380E-01 6.733E-01 O.616F-01 6.7156-01 6.6486-01 
15.0 6.820F-01 6.2616-01 6.0706-01 6.233F-01 6. 1751- -01 
16.0 6.362F-01 6.8666-01 5.690F-01 6.819F-01 5.765E-31 
17.0 5.970E-01 6.532F-01 6.373F-01 5.4866-01 5.4326-01 
18.0 5.640F-01 5.227E-01 5.087F-01 6.2046-01 5.152F-01 
19.0 6.336E-01 4.954E-01 4.8266-01 4.9406-01 4.8956-01 
20.0" 5.051F-01 4.704F-01 4.586E-01 4.6876-01 4. 6476-01 
22.5 4. 387E-01 4. I07F-01 4.019F-01 4.1 llE-01 4.075F-01 
25.0 3.781F-01 3.5866-01 3.52 3F-01 3.581E-01 3.554E-01 
27.5 3.269E-01 3.156F-01 3.1106-01 3.129E-01 3.108F-01 
30.0 2.857F-01 2.796F-01 2.764F-01 2.763F-01 2.744F-01 
3?."5 2.479F-01 2.468E-01 2.450F-01 2.4286-01 2.416E-01 
36.0 2.127E-01 2.181F-01 2. 174F-01 2.1126-01 2.1026-01 
37.6 1.853F-01 1.929F-01 1.931E-0I 1.865F-01 1.8586-01 
40.0 1.A28F-01 1.706E-01 1.715F-01 1.6586-01 I.6556-01 
42.5 1.409F-01 1.512E-01 1.525E-01 1.458F-01 1.4556-01 
46.0 t.2326-01 1.3366-01 1.3546-01 .2936-01 1.2926-01 
4 7.5 1.090F-0! 1.182F-01 1.204F-01 t.1586-01 1.1596-01 
50.0 9.52 7F-02 1.0546-01 1.07HF-01 1.028E-01 1.030E-01 
52.5 8.3 36F-02 9. 324F-02 9.580F-02 9.138E-02 9.1626-02 
65.0 7.361F-02 8.2666-02 8.531F-02 8.178F-02 8.214E-02 
57.5 6. 5626--02 7.45 36-02 7.716F-02 7.375F-02 7.413E-02 
60.0 6. 704F-02 6.589F-02 6.8556-02 6.5206-02 6.5646-02 
62.5 5.1UF-02 6.924F-Ü2 6.1836-02 5.9006-0? 5.951E-0? 
65.0 4.561F-02 6.3066-02 5.5586-02 5.3306-02 5.382E-0? 
67.6 4.063F-G2 4.7726-02 5.016F-02 4.8066-02 4.858E-02 
70.0 3.625F-02 4.307F-02 4.541F-02 4.3376-02 4.392E-02 
72.5 3.264F-02 3.873F-02 4.0976-02 3.941E-0? 3.9986-02 
76.0 2.966F-02 3.626E-02 3.738F-02 3.6056-02 3.6596-02 
77.5 2.6586-0? 3.1976-02 3.3976-02 3.267F-02 3.322F-02 
80.0 2.4306-02 2.911E-0? 3.099F-02 3.003F-02 3.0596-0? 
82.5 2.2406-02 ?.6 72f-02 2.848F-02 2.7746-02 ».8296-02 
85.0 2.04A6-02 2.4446-02 2.610F-02 2.548F-02 2  60 36-02 
87.5 1.868F-02 2.22 36-02 2.379E-0? 2.334F-02 2.390E-02 
90.0 1.6876-0? 2.017F-02 2.1666-02 2.1426-02 2.199F-02 
92.6 1.6556-02 1.864F-02 2.0036-02 1.987F-02 2.045F-0? 
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TABLE V.     NORMALIZED  VOLUME   SCATTERING  FUNCTION 
IN06X   OF   kFFRACTIUN   «   1.50 

HAZE   C  N006L 

SCATTERING 
ANGLE UAVFLtNGTH   (MICRONS) 

(deg) .30 .4«» .50 .65 .70 

95.0 1.4666-0? 1.7416-02 1.8716-02 1.8736-02 1.9316-02 
97.5 1.4096-02 1.653F-Q2 1.774F-0? 1.791F-02 1.8496-02 

100.0 1.378E-02 1.551F-02 1.6656-02 1.692E-02 1.7506-07 
102.5 1.255F-02 1.455F-02 1.563F-02 1.6036-02 1.6616-02 
105.0 1.186E-02 1.3686-0? 1.471F-07 1.5216-02 1.5816-02 
107.5 1.112E-02 1.2746-02 1.3746-02 1.4376-02 1.4996-02 
110.0 1.060k-02 1.213F-0? 1.3086-02 1.376E-02 1.4366-02 
112.5 1.038F-02 1. 1776-02 1.76 36-02 1.3446-0? 1.4076-02 
115.0 1.024F-02 1.1436-02 1.2296-02 1.3216-02 1.3856-0? 
117.5 1.0106-0? 1.1246-02 1.2076-0? 1.2996-02 1.366-02 
120.0 1.017F-02 1.1146-02 1.194C--0? 1.2986-02 I.364F-02 
172.5 1.025E-02 1.1086-02 1.1846-02 1.3006-02 1.3676-0? 
125.0 1.027F-07 1.1036-02 1.1766-02 1.7986-02 1.3676-0? 
127.5 1.045F-02 1.1036-02 1.1756-02 1.3106-02 1.3806-0? 
130.0 1.0628-02 1.1096-02 1.1786-02 1.3256-02 1.3966-02 
132.5 1.086E-02 1.1286-07 1.195F-02 1.3456-02 1.4176-02 
135.0 1.1156-0? 1.1636-02 1.227F-02 1.3706-02 1.4446-0? 
137.5 1.150E-02 1.707F-02 1.2686-02 1.4026-0? 1.4766-0? 
140.0 1.215E-02 1.2656-02 1.3226-02 1.4606-02 1.5356-02 
142.5 1.292E-02 1.3296-02 1.38 36-02 1.5286-02 1.6056-02 
145.0 1.373E-02 1.3956-02 1.4456-0? ».6016-02 1.6786-0? 
147.5 1.502E-02 1.4946-07 1.5396-0? I.7156-02 1.7926-0? 
150.0 1.653E-02 1.6176-02 1.6556-02 1.8496-02 1.9246-02 
152.5 1.807E-02 1.7556-02 I.785F-02 1.9826-02 2.0556-0? 
155.0 2.035F-02 1.9416-02 1.9626-02 2.1716-02 2.2436-02 
156.0 2.173E-02 7.0206-02 2.0356-02 2.2426-02 2.3126-02 
157.0 2.206E-02 2.0936-02 7.1056-0? 2.3056-02 2.3756-02 
158.0 2.303E-02 2.1696-07 2.1736-02 2.378E-02 2.4456-02 
159.0 2.397E-02 7.7476-02 7.2416-02 2.4516-02 2.5136-02 
160.0 2.460E-02 2.3136-02 2.3126-02 2.4976-0? 2.5606-0? 
161.0 2.493F-07 2.3816-07 2.3746-02 2„5256-02 2.593E-02 
162.0 7.540E-02 7.4276-02 2.4186-0? 2.5746-02 2.6396-02 
163.0 2.616E-07 2.456F-02 7.4476-0? 7.6436-02 7.7036-02 
164.0 7.648E-07 2.4866-02 2.4736-02 7.6906-0? 2.7536-02 
165.0 7.6'8F-0? 7.5066-02 7.4966-02 7.7026-02 2.7676-02 
166.0 2.663E-0? 2.526E-02 7.5166-02 7.7126-02 2.7766-02 
167.0 2.714F-02 2.565E-02 2.5516-0? 2.7516-02 2.8166-02 
168.0 2.7856-02 2.6126-02 2.598E-02 2.8046-02 2.8746-0? 
169.0 2.840F-02 2.6566-02 2.6366-0? 2.8506-02 2.9176-02 
170.0 2.897F-0? 7.7016-07 7.6806-0? 7.8986-02 2.9546-02 
171.0 2.965E-02 2.7766-02 2.7556-0? 7.9566-02 3.0166-0? 
172.0 3.0606-0? 2.8786-02 7.8446-02 3.0 326-02 3.0976-02 
173.0 3.164F-02 2.9816-02 2.948F-02 3.1766-02 3.1786-0? 
174.0 3.304F-02 3.1066-02 3.062F-02 3.2286-02 3.2846-0? 
175.0 3.460E-02 3.2196-02 3.1636-02 3.362F-02 3.4296-02 
176.0 3.610F-02 3.3346-02 3.2846-0? 3.4866-02 3.5266-0? 
177.0 3.683F-02 3.4086-02 3.3326-02 3.4816-02 3.4976-02 
173.0 3. 7216-02 3.3186-0? 3.2416-02 3.3986-02 3.4386-0? 
179.0 3.5716-02 3. 7656-07 3.713F-02 3.4106-02 3.4706-02 
180.0 3.534F-02 3.3046-02 3.253F-02 3.4556-02 3.5136-02 

»SSSSSSHF 
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entering the detector, irrespective of their direction of motion. The 

scattered intensities were also printed out as a function of the ground 

albedo for ground albedos of 0.0 and 0.9. The ground was treated as a 

Lambert type reflection surface. 

Table VI presents the calculated direct intensities at each of five 

different receiver positions as a function of the source wave length and 

the aerosol number density. Table VII presents the calculated scattered 

intensities at the five different receiver positions for ground albedos 

of 0.0 and 0.9 as a function of the source wave length and the aerosol 

number density. From an examination of the scattered intensity data in 

Table VII, it is seen that the scattered intensity at 4.03 km ground range 

increases with increasing aerosol number density, wiereas at larger ground 

ranges 'ie scattered intensity decreases with increasing aerosol number 

density. 

The variation of the scattered intensities at each of five different 

receiver positions with source wave length is shown in Figure 34 for the 

basic atmosphere (Rayleigh scattering plus ozone absorption). The data 

shown in Figure 34 are for a ground albedo of 0.9. Also shown in Figure 

34 is a plot of the Rayleigh scattering coefficient at sea level altitude 

versus wave length.  In addition to the source wave lengths listed in 

Table VI, source wave lengths of U.34 and 0.38u were also used in calcula- 

tions to study the effect of the ozone absorption on the scattered inten- 

sities.  It ia  seen that the strong ozone absorption occurring near 0.3M 

results in a rapid decrease in the scattered intensities as the source 

wave length approaches 0.3p for ground ranges greater than 4.03 km.  For 

wave lengths greater than 0.34p the scattered intensities at each receiver 

varies approximately the same with wave length as does the Rayleigh 

scattering coefficient. 
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Fig. 34.   Scattered Intensities vs Source Wavelength for Several Ground Ranges: 
Rayleigh Atmosphere with Ozone Absorption 
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2 
Figure 35 presents the variation in the scattered intensity time 4TTR 

at several ground ranges with the aerosol cross section at sea level alti- 

tude for a source wavelength of 0.45y and a ground albedo of 0.9. It is 

seen that at close-in distances the scattered intensity for a point Iso- 

tropie 0.45)j light source increases with increasing aerosol cross section. 

At larger ground ranges the scattered intensities decrease when the aerosol 

2 
cross section is increased. The scattered intensity time 4irR for an aero- 

sol cross section of 0.180 km  corresponds to the attenuation that would 

be expected for an atmosphere defined by the "clear standard atmosphere" 

formulated by Elterman. 

Figure 35 also shows the variation with the aerosol cross section of 

2 
the total intensity (scattered plus direct intensity) time 4irR for 0.45u 

light at ground ranges to 48.?.8 km. The ground albedo was 0.9. Except at 

ground ranges less than 12.07 km, the total intensity results almost en- 

tirely from scattered radiation when the aerosol cross section is greater 

than 0.2 km* .  It is seen from the data in Figure 35 that the variation 

2 
of the total intensity time 4TTR with ground range is highly dependent on 

the magnitude of the aerosol cross section for values ox  the aerosol cross 

section up to twice the value used by F.lterman for a "clear standard atmos- 

phere." For larger values of the aerosol ',ross section, the total inten- 

sity times 4TTR*" at a given ground range froü a 0.45u point source does 

not vary significantly as the aerosol cross section is increased. 

2 
The dependence of both the scattered and total intensities times 4irR 

on the magnitude of the aerosol cross section is shown in Figure 36 for a 

source wavelength of Ü.7 and a ground albedo of 0.0. It is seen that the 
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dependence on the aerosol content of the atmosphere fcr (h 7v light is simi- 

lar to that shown in Figure 35 for 0.45u light. Similarly it was found for 

the other source wavelengths studied (0.3, 0.5, and 0.65 ) that the attenua- 

tion of both the total and scattered intensities is highly dependent on the 

aerosol number density. The total intensity was found to vary by as much 

as a factor of 30 for a ground range of 48 km as the aerosol number density 

is varied from 0 to 9200 particles per cc. 

The total intensity at a given receiver position is calculated by the 

Monte Carlo code as the sum of the intensities received after each colJi- 

sion. The number of collisions that have to be followed for a given wave- 

length before the contribution from high order collisions is negligible 

is a function of both the aerosol cross section and the aerosol phase func- 

tion used in the calculation«  Figure 37 shows for a ground albedo of 0.9 

the sum of the scattered intensities vs collision number at a ground range 

of 32.19 km for 0.3w wavelength light. An increase in the aerosol cross 

section at sea level results in an increase in the number of collisions 

that has to be followed before the contribution to the total scattered 

intensity by higher order collisions becomes negligible. The minimum num- 

ber of collisions that need to be followed for an aerosol cross section 

of 0.2506 km  is approximately 30, whereas the minimum number needed for 

an aerosol cross section of 0.5012 km  is 40. 

Curves similar to those shown in Figure 37 vein  obtained for the other 

source wavelength studies.  They showed that an increase in the sum of the 

aerosol and Rayleigh scattering cross section results in an increase in 
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the number of collisions required before the sum of the scattered intensi- 

ties resulting from higher ord«»r collisions becomes negligible. 

The ratio of the scattered intensities for the case where the ground 

albedo was 0.9 to that for a ground albedo of 0.0 was found to not vary 

significantly with the horizontal range for all of the source wavelengths 

studied.  It was found that the ratio decreased with inci. casing wavelength 

from the value of about 2.5 for 0.3 microns to a value of 1.5 for 0.7 microns^ 

The scattered intensity for a given horizontal range was found to increase 

exponentially with an increase in the ground albedo. 

5- 3 Dependence on Changes in Aerosol Phase Function 

To study the effect of varying the shape of the aerosol phase func- 

tion on the magnitude of the scattered light intensity in the atmosphere, 

LITE-I problems were run using various aerosol phase functions. The atmos- 

phere used in these problems was taken to be that described by Elterman's 

"clear standard atmosphere" model. The phase functions used in the LITE-I 

calculations for aerosol scattering were computed by integrating Mie scat- 

tering data for spherical particles with an index of refraction of 1.5 with 

particle size distributions defined by Diermendjian's Haze C and Haze M 

models (Reference 14) for continental and maritime hazes and with exponen- 

tial size distributions described by N(r)#r  for v - 2 and 3.  In some of 

the LITE-I calculations the Rayleigh phase function was used instead of an 

aerosol phase function to describe aerosol scattering. 

The shape of the normalized phase function for light scattering by 

aerosol particles is dependent on the wavelength of the incident light, 
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the particle size distribution, and the index of refraction. Phase func- 

tions for aerosol scattering are highly peaked in the forward direction. 

Table VIII lists, for wavelengths of 0.3 and 0.7y and for several aerosol 

size distributions, the cosine of the upper bound of the scattering angle 

interval into which a given fraction of the photons undergoing collisions 

in a unit volume of aerosols will be scattered.  It is seen from the data 

in Table VIII that at least 90 percent of the photons undergoing aerosol 

particle scattering in a unit volume of air will be scattered into angles 

between 0° and 90° for all of the aerosol size distribution models listed. 

In contrast, only 50 percent of the radiation undergoing Rayleigh scat- 

tering will be scattered in a forward direction. 

An examination of the variation with both wavelength and altitude of 

the ratio of the Rayleigh scattering coefficient to the sum of the Rayleigh 

and aerosol scattering coefficients for the Elterman "clear standard atmos- 

phere" reveals that the probability of a Rayleigh scattering event occur- 

ring at a given altitude reduces with source wavelength.  It was also found, 

for wavelengths of X  - 0.3, 0.45, and 0.5u, that more than 90 percent of 

the scattering at altitudes above 5 km are Rayleigh events.  For wavelengths 

of X  - 0,65 and 0.70p, the probability of a Rayleigh scattering event is 

greater than 0.9 only for altitudes between 7 and 18 km and above 30 km. 

Therefore, the use of the Rayleigh phase function to define the phase func- 

tion for aerosol particle scattering should not have a significant effect 

on the calculated intensities for wavelengths between 0.3 and 0.5 .  For 

wavelengths between 0.65 and 0.7JJ, there should be a noriceable difference 

between a calculation which used the Rayleigh phase function to describe 
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aerosol scattering and a calculation which used an aerosol phase function 

to define the angular distribution of scattering by aerosol particles. 

LITE-I calculations for use in studying the effect of varying the 

shape of the aerosol phase function were run for a point Isotropie mono- 

chromatic source located at an altitude of 807.7 m. The receivers were 

placed at an altitude of 6.1 m and at horizontal ranges of up to 48.3 km. 

The ground albedo was taken to be o Lambert type albedo with a value of 

0.9. Results were also obtained for a ground albedo of 0.0.  The source 

wavelengths studied were 0.3, 0.45, 0.5, 0.65, and 0.7y. 

The calculated scattered intensities at each receiver point are pre- 

sented in Table IX as a function of the source wavelength, the ground al- 

bedo, and the phase function used to describe aerosol scattering.  The 

direct intensities at each receiver point are presented in Table X as a 

function of the source wavelength. 

The results obtained from LITE-I calculations for problems using 

phase functions defined by the Haze C and Haze M size distribution models 

and n(r)%r  for v «= 2 and 3 and the Rayleigh phase function for aerosol 

scattering are presented in Figures 38 and 39 for wavelengths of 0.45 and 

0.7y, respectively.  For a source wavelength of 0.45u, it is seen that the 

maximum intensity computed for a given horizontal range does not differ 

by more than 35 percent of the minimum value. An examination of the data 

for 0.7u shows that there are no large differences between the computed 

attenuation cut to 50 km as given by each of the aerosol models, but the 

use of the Rayleigh phase function to describe the aerosol phase function 
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will give results that are as much as a factor of two less than that ob- 

tained using the phase functions from the various aerosol models. 

The scattered intensities at a given receiver position as a function 

of collision number are dependent on the magnitude of the sum of the aero- 

sol and Rayleigh scattering cross sections, the magnitude of the aerosol 

cross section, end the shape of the aerosol phase function. The sum of 

the aerosol and Rayleigh scattering cross section for a given aerosol num- 

ber density and size distribution increases with decreasing wavelength. 

An increase in the scattering cross section results in an increase in the 

number cf collisions required before the contribution from higher order 

collisions! become negligible.  For a source wavelength of 0.3w, the num- 

ber of collisions required is approximately 20 for the Elterman atmosphere. 

As the source wavelength increased to 0,7u, the number of collisions re- 

quired reduces to approximately 5.  For a wavelength of 0.7y, single scat- 

tering is a significant part of the total scattered intensity. Therefore, 

the magnitude of the total scattered intensity is highly dependent on the 

shape of the aerosol phase function. As the source wavelength decreases, 

the importance of multiple scattering increases and the importance of the 

single collision intensity decreases.  From an examination of Figures 38 

and 39 it can be seen that with an increase in the importance of multiple 

scattering, the dependence of the total scattered intensity on the shape 

of the aerosol phase function decreases. 

The results obtained from Monte Carlo problems in which the phase 

function for Rayleigh scattering was used for aerosol scattering showed 
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differences of ata much as a factor of two in the total attenuation for a 

given ground range when compared with the Monte Carlo results for four 

different aerosol phase functions. The aerosol phase functions used in 

these problems were for size distribution models that are used by many 

investigators to represent the aerosol size distributions usually found 

close to the ground level. The scattered intensities obtained from those 

problems which used one of the four aerc sol phase functions were found to 

not differ by more than 35 percent at a given ground range. The results 

also show that the error introduced by using the Rayleigh phase function 

to represent aerosol particle scattering varies with the source wavelength. 

For a wavelength of 0.3u the error is about 20 percent, at 0.45u the error 

is about 35 percent, and at 0.7u, the error is as large as a factor of two. 

5.4 Dependence on Altitude Variation of Aerosol Coefficient 

Following the running of the L1TE-I problems in which the altitude 

variation of the aerosol scattering coefficient was taken to be that given 

by Elterman's model for a "clear standard atmosphere," additional data on 

the altitude variation of the aerosol scattering coefficient became avail- 

able from an analysis of the results of a searchlight experiment reported 

by Elterman (Reference 4).  Elterman's analysis of the searchlight expeiri- 

mental data showed a much larger aerosol scattering cross section at alti- 

tudes above ^4 km than that given by the "clear standard atmosphere" model 

(see Figure 6). The use of the aerosol scattering coefficient obtained 

from the searchlight experiment in LITE-I calculations would be expected 

to have a significant effect on the magnitude of both the scattered and 

direct intensities for point sources and receivers located above 5 km. 
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Changes in the magnitude of the aerosol scattering coefficient at alti- 

tudes above 5 km should not effect the scattered intensities when the source 

and receiver are both located below 1 km as was the case for the problems 

run on LITE-I that are tabulated in Table IX. To check this assumption 

the problems which were run for 0.3, 0.45, 0.5, 0.65, and 0.7\i  point Iso- 

tropie sources in the Llterman "clear standard atmosphere" using the Haze 

C phase function for aerosol scattering were rerun using the altitude dis- 

tribution of the aerosol scattering coefficient as obtained from the search- 

light experiment. The results obtained from these LITE problems were found 

to not differ by more than + 10 percent from the scattered intensities 

given in Table IX for the Haze C phase function. These results indicated 

that when the source is located at an altitude of 0.8 km, differences in 

the altitude variation of the aerosol scattering coefficient above %4 km have 

no significant effect on the scattered intensities at receiver positions 

near the ground surface. 

5c5 Dependence on Cloud Altitude 

To study the effect of cloud altitude of the scattered light intensity 

as a function of the source-receiver range, several LITE-I problems were 

run for a 0.55 micron point isotropic source located at an altitude of 807.7 

meters. Receivers were placed at horizontal ranges of 4.023, 12.07, 20.12, 

32,19, and 48.28 km and at an altitude of 6.096 meters. The ground surface 

was treated as a Lambert reflector, The bottom of the cloud was treated as 

a reflection surface with a number albedo given by the expression 

a(8 ) - 0,639 - 0.154cos9 
o o 



92 

The polar angular distribution of the number albedo for the cloud was assumed 

to be a cosine distribution,  Although the number albedo used in the calcula- 

tions for the cloud came from the Monte Carlo calculations for 0.45 micron 

light, it was felt that the same value would be applicable for 0.55 micron 

light since these were only small differences in the cloud extinction cross 

section for these wavelengths and the shape of the distribution function. 

e 
P(9,X) - 2v   I    FO'.Ajsine'de' 

0 

for A • 0 45 wan a reasonably accurace approximation of the distribution 

function for A ■ 0.55,  In the above integral the function F(8,A) is the 

normalized phase function for volume scattering. 

The magnitude of the aerosol cross section as given by Elterman for a 

"clear standard atmosphere" was modified so as to give a value of the extinc- 

tion cross section of 0,177 km  for extinction between altitudes of 0 and 

800 meters.  The phase function used for aerosol scattering within the atmos- 

phere was taken from measurements made at Camp Haven, Wisconsin on 31 March 

1%6. 

The results of the calculations giving the scattered intensities for 

cloud bo* ..om altitudes of 1, 2.5, and 5 km are presented in Figures 40 and 

41 for ground albedos of 0.0 and 0.9.  It is noted that for both values 

of the ground albedo the scattered intensity at a ground range of 4 km de- 

creases with an increase in the altitude of the bottom of the cloud.  For 

horizontal ranges of 12 km and greater, the scattered intensity increases 

with an increase in the altitude of the bottom of the cloud» 
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The effect of changes in the magnitude of the ground albedo on the 

scattered intensities varies with the altitude of the bottom of the cloud. 

For a cloud bottom altitude of 5 km, the scattered intensities at all re- 

ceivers for a ground albedo of 0,9 is a factor of about 2.25 greater than 

that computed for a ground albedo of 0.0. As the cloud bottom altitude is 

decreased to an altitude of 1 km, the ratio of the scattered intensities 

for a ground albedo of 0.9 to that for a ground albedo of 0.0 increases 

to a value of about 3.7, 

The following values were computed for the direct intensities at the 

indicated horizontal ranges: 

Horizontal Range Direct Intensity 
(km) (photons m~2/source photon) 

4.023 3.568xl0-9 

12.07 2.369x10"10 

20.12 4.921xl0~U 

32.19 8.398xl0-12 

48.28 1.236xl0"12 

To check the accuracy of the cloud reflection calculations, a LITE-I 

problem was run for a 1 km cloud bottom altitude in which the cloud was 

treated as a scattering medium instead of a reflection surface. The re- 

sults of the problem were found to be in good agreement with that obtained 

from the LITE-I problem in which the cloud was treated as a reflection 

surface. Treating the cloud as a reflecting surface in the LiTE-I calcu- 

lations required 25 percent less machine time than did the problem in 

which the cloud was treated as a scattering medium. Thus, it is seen that 

a considerable savings in machine time would result by treating the cloud 

as a reflection surface. 
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